The transforming growth factor beta (TGF-␤) superfamily of ligands signal transcriptional control of diverse processes Derynck et al. 1998; Roberts 1999; Attisano and Wrana 2000; Blobe et al. 2000; de Caestecker et al. 2000a; Massague and Wotton 2000) . Signaling from the ligand-activated transmembrane receptor kinases to the target genes are mediated by the Smad proteins . The class of receptorregulated Smad protein (R-Smad) is phosphorylated at the carboxy-terminal SXS sequence by the type I receptor kinase (Abdollah et al. 1997; Souchelnytskyi et al. 1997) . Phosphorylation converts the R-Smad from the basal state monomer to the active state trimer, which exchanges a subunit with the common cofactor Smad4 to form the more stable heterotrimer (Kawabata et al. 1998; Chacko et al. 2001; Qin et al. 2001; Wu et al. 2001; Wrana 2002) . The heteromeric complex enters the nucleus, binds to the promoters, and interacts with transcriptional comodulators to regulate gene expression.
Smad3 is an R-Smad that mediates the signals of TGF␤s and activins. Smad3 is recruited by SARA (Smad Anchor for Receptor Activation) to the receptor kinase for phosphorylation (Tsukazaki et al. 1998) . SARA contains the FYVE domain for membrane localization, the Smadbinding domain (SBD) that are specific for Smad3 and Smad2, and a carboxy-terminal domain that interacts with the receptor kinase. Upon phosphorylation, Smad3 dissociates from SARA, forms a complex with Smad4, and enters the nucleus.
The transcriptional activity of the Smad3/Smad4 complex is modulated by coactivators and corepressors. Ski is a corepressor of the Smad complex (Akiyoshi et al. 1999; Luo et al. 1999; Sun et al. 1999; Xu et al. 2000; Liu et al. 2001) . Ski interacts directly with Smad3 and recruits histone deacetylase to the transcriptional control site, resulting in chromatin remodeling and transcriptional repression. The interaction between Ski and Smad3 is enhanced on TGF-␤ stimulation.
Smad3 shares a common domain configuration with other R-Smads and Smad4, consisting of an amino-terminal DNA-binding domain (MH1 domain) and a carboxy-terminal effector domain (MH2 domain) separated by a linker region. The MH2 domain is a versatile protein-protein interaction module. At the receptor complex, the MH2 domain of Smad3 interacts with SARA and the receptor kinase (Macias-Silva et al. 1996; Feng et al. 1997; Chen et al. 1998; Lo et al. 1998; Persson et al. 1998; Tsukazaki et al. 1998; Huse et al. 2001) . After dissociation from the receptor, the MH2 domain of Smad3 also interacts with Smad4. In the nucleus, the MH2 domain of Smad3 further interacts with Ski. However, it is unclear how various interactions of the MH2 domain are regulated.
Here, structural and biochemical evidence shows that the interaction between the MH2 domain of Smad3 and its signaling partners is conformation dependent. SARA and Ski interact preferentially with the monomeric and trimeric form of Smad3, respectively. Phosphorylationinduced Smad3 trimerization thus activates the TGF-␤ signals by facilitating Smad3 dissociation from SARA, and simultaneously sets up a feedback mechanism by allowing Smad3-Ski interactions. The data show that SARA and Ski bind to overlapping surfaces on the Smad3 MH2 domain, which undergo conformational changes upon subunit oligomerization. Structural models of the Smad3/SARA/receptor kinase complex and the Smad3/ Ski complex shed light on the molecular basis of allostery, which serves as a paradigm for other members of the Smad protein family.
Results

Subdomain juxtaposition within the MH2 domain correlates with the activation state
Previously, we showed that the pseudophosphorylated Smad3, in which the carboxy-terminal SSVS phosphorylation sequence was mutated to EEVE, activates TGF-␤ signaling . In an attempt to reveal the structural basis of activation, we crystallized the pseudophosphorylated Smad3 MH2 domain (residues 218-424) and determined the structure to 1.9-Å resolution (Table 1) .
The crystal packing arrangement of the Smad3 MH2 domain suggests that the structure is not in the active conformation. Biochemical study revealed that the pseudophosphorylated Smad3 forms a trimer, in which the pseudophosphorylated sequence promotes subunit assembly by interacting with the L3 loop region phosphoserine-binding site of the neighboring subunit ). This expected arrangement was not present. Rather, the subunits interact via a distinct interface covering ∼500-Å 2 area (Fig. 1A) . Mutation of the subunit packing residues, Tyr 296 and Phe 303, in the context of the pseudophosphorylated Smad3, does not affect solution trimerization (data not shown), confirming that the interactions observed are simply crystal packing effects. The high-salt and low-pH crystallization conditions could contribute to the disruption of the active trimer. Consistently, the pseudophosphorylated Smad3 behaves as a basal state monomer on a size-exclusion column under the crystallization conditions (data not shown). The carboxy-terminal tail (residues 419-424), the L3 loop (residues 381-387) and the amino-terminal ␤0-strand (residues 219-227) are disordered in the structure. We observed previously that the L3 loop in Smad1 exists in two conformations . The disordering of the L3 loop in the basal state Smad3 is consistent with the L3 loop undergoing dynamic movement between conformations.
The Smad3 MH2 domain structure can be subdivided into two subdomains, the three-helix bundle extension and the ␤-sandwich core (Fig. 1A) . Comparison between the monomeric and trimeric MH2 domain structures reveals an interesting correlation between the juxtaposition of the subdomains and the oligomerization state of the subunit (Fig. 2) . Whereas the ␤-sandwich core of all structures superimposes well, the hinge angle between the subdomains is dependent on the oligomerization state. The MH2 domains of the Smad2/SARA complex (Wu et al. 2000) and the Smad3/SARA complex (see below), in which the MH2 domain is monomeric, have hinge angles similar to that of the unliganded Smad3. However, the MH2 domains of Smad1 and phosphorylated Smad2 (Wu et al. 2001) , both crystallized as a trimer, have a narrower hinge angle due to the three-helix bundle extensions tilting toward the direction of the neighboring subunit. As will be discussed, the structural transition between the two distinct states of the R-Smads serves as a critical signaling switch.
Stabilization of a hydrophobic surface directs Smad3 anchor to SARA
To elucidate the structural basis of Smad3 recruitment by SARA, we crystallized the Smad3/SARA complex containing the linker and MH2 domain of Smad3 (S3LC, residues 145-424) and the Smad-binding domain (SBD) of SARA (residues 665-751; Table 1 ). The electron density corresponding to the linker domain of Smad3 and the carboxy-terminal half of the SBD was not observed, due to disordering. The observable structure is similar to the Smad2/SARA structure ( Fig. 1B ; Wu et al. 2001 ). The SBD binds in an extended conformation to a hydrophobic groove on Smad3 burying 2700 Å 2 surface. The structure of the SBD can be described from amino to carboxyl terminus as a coil, a helix, a three-proline turn, and a Allosteric mechanism in TGF-␤ signaling ␤-strand. Interestingly, the SARA SBD tethers the threehelix bundle and the ␤-sandwich subdomains of Smad3 on the opposite face of the conserved trimeric interfaces.
Comparison between the unliganded Smad3 and Smad3/SARA complex structures revealed no global change of the MH2 domain ( Fig. 2A) . The r.m.s. deviation of C␣ trace between the MH2 domains of Smad3 and Smad3/SARA complex is 0.4 Å. Nevertheless, two structural elements in Smad3 undergo a disorder-to-order transition upon binding SARA (Fig. 1, cf. A and B) . The amino-terminal ␤0-strand, which interacts with the ␤ structure of the SARA SBD, is disordered in the unliganded Smad3. Also, the loop connecting helix-2 and ␤8, which interacts with the coil of the SBD, is disordered in the unliganded Smad3. Interestingly, the corresponding loop in Smad4 (L420 loop), interacts with the Smad4 activation domain (SAD; Fig. 1C ; see also Discussion; Qin et al. 1999) . These disordered regions of Smad3 contain a high percentage of hydrophobic residues that mediate direct interaction with SARA.
Dimeric model of the Smad3/SARA/receptor kinase complex
The physiological form of SARA, and, hence, the Smad3/ SARA complex, is anticipated to be dimeric. First, the transmembrane receptor kinase is dimeric, which can phosphorylate a dimeric substrate (Luo and Lodish 1996; Gilboa et al. 1998; Kirsch et al. 2000; Hart et al. 2002) . Second, the membrane-anchoring FYVE domain, located immediately amino-terminal of the SARA SBD, is dimeric in early endosome autoantigen (EEA1; Dumas et al. 2001) . Third, sizing analysis suggested that SARA is a dimer (Jayaraman and Massague 2000) . Interestingly, a dimeric Smad3/SARA complex, consisting of two copies of the complex related by a twofold symmetry, is present in the structure (Fig. 3B) . Although the buried surface area between the two complexes is only 680 Å 2 , modeling studies suggest that the dimeric arrangement may be relevant and facilitated by the FYVE domain.
Structure of the EEA1 FYVE domain reveals a homodimeric arrangement in which the phosphoinositide-binding pocket of each subunit faces the same direction for membrane anchorage (Dumas et al. 2001) . On the basis of the EEA1 FYVE domain structure, the dimeric SARA FYVE domain was constructed (Fig. 3A) . The model reveals additional hydrophobic contacts within the subunit interface, which can stabilize the dimer (Fig. 3C) . Furthermore, the carboxyl termini of the dimeric SARA FYVE domain can be docked closed to the amino termini of the SBD in the dimeric Smad3/SARA crystal structure with little steric hindrance (Fig. 3D ). In the model, Smad3 contacts not only the SARA SBD, but also the membrane-distal face of the SARA FYVE domain, with (Qin et al. 1999 ). The Smad4 activation domain (SAD) is in dark yellow, in which the disordered sequence, GHYWPVHNELA, has a helical propensity. The three-helix bundle and ␤-sandwich subdomains are in red and cyan, respectively. The disordered regions of the structure are represented by dots and colored according to the subdomain color. The side chains are in dark blue.
the three-helix bundle pointing away from the membrane. The L3 loop region phosphoserine-binding residues of Smad3, Lys332, and Lys377, and the nearby His288 form potential salt bridges with the side chain of Glu 607 from the FYVE domain.
The dimeric Smad3/SARA complex can be modeled as a substrate for the type I receptor kinase (Fig. 4) . The convex face of the kinase domain, located toward the back of the catalytic face, matches the concave surface of the Smad3 MH2 domain, shaped by the ␤-sandwich and three-helix bundle subdomains (Fig. 4A,B) . The carboxy-terminal phosphorylation tail of Smad3 extends and docks in the catalytic site. The kinase domains of the dimeric receptor do not interact with each other, but form a complex through interaction with Smad3. Although the model uses the basal state kinase structure (Huse et al. 1999) , the postulated consequence of activation is also drawn. The model is functionally relevant. First, the L45 loop of the receptor kinase domain and the L3 loop of Smad3, which contain matching specificity determinants of the receptor/R-Smad interaction, are adjacent in the model for interaction (Feng et al. 1997; Chen et al. 1998; Lo et al. 1998; Persson et al. 1998) . Previous studies showed that the signaling specificity could be switched by engineering these determinants. Second, the GS domain within the juxtamembrane region of the type I receptor kinase, phosphorylation of which by the type II receptor kinase leads to activation, is in close proximity to the conserved basic surface of Smad3 (Wrana et al. 1994; Wieser et al. 1995; Willis et al. 1996) . The GS domain forms a helix-loop-helix structure, in which the phosphorylation sites are located within the loop. In the basal state, the phosphorylation sites are partially buried, suggesting that the GS domain would undergo conformational changes upon phosphorylation (Huse et al. 1999) . Recent studies revealed that phosphorylation of the GS loop creates an acidic-binding site for the conserved basic surface of Smad2 . Consistently, the model depicts that helix 1 and the phosphorylation loop undergo conformational changes to allow the phosphorylated GS loop to dock to the Smad3 basic surface (Fig. 4A ). The GS domain in the active conformation can potentially interact with Asn 240, Gln 241, Arg 287, and His 288 of Smad3, consistent with the report that mutation of the corresponding residues in Smad2 led to defects in interaction with the receptor and phosphorylation . Third, the phosphorylation tail of Smad3, modeled using the Smad1 carboxy-terminal structure, extends into the kinase catalytic center. Peptide screening revealed optimal phosphorylation substrate that bears no resemblance to the conserved carboxy-terminal sequence of the R-Smads, suggesting a requirement for positioning of the phosphorylation sites in the catalytic center (Luo et al. 1995) . Fourth, the kinase interacts with Smad3 via an extensive interface, burying 3000 Å 2 surface. The interface contains matching hydrophilic and hydrophobic interactions, which are mediated mostly by conserved and subtype-specific residues (Fig.  4B) . Lastly, the cytoplasmic organization of the receptor complex is consistent with the ectodomain organization of the type I/II receptors bound to the ligand ( Fig. 4C ; Hart et al. 2002) . The GS loop of the type I kinase points to the direction in which the type II kinase is anticipated.
SARA allosterically inhibits Smad3 trimerization
Previous analysis revealed that Smad3 has a propensity to trimerize, which is further enhanced by carboxy-terminal phosphorylation . The structure of the Smad3/SARA complex does not reveal a trimeric arrangement of Smad3, raising the possibility that SARA may inhibit Smad3 oligomerization. Using analytical ultracentrifugation, we show that in contrast to the unliganded Smad3, which undergoes concentrationdependent trimerization, the Smad3/SARA complex exhibits little propensity to oligomerize (Fig. 5A) . When the Smad3/SARA complex was modeled onto the trimeric scaffold of phosphorylated Smad2, SARA is located at the peripheral of the trimer and does not physically block the trimer interface (data not shown). However, in the trimeric model, the Smad3/SARA complex makes poor intersubunit contacts, due to the three-helix bundle subdomain not tilting enough toward the neighboring subunit (Fig. 2C) . We rationalize that because SARA tethers the three-helix bundle and the ␤-sandwich core of Smad3 on the opposite face of the trimer interface, the function of SARA may be to inhibit Smad3 trimerization by restricting the three-helix bundle from tilting. Consistently, the SARA SBD is proline rich (25%), which provides rigidity to the structure. The three-proline turn packs against the hinge between the three-helix bundle and the ␤-sandwich subdomains of Smad3, at a perfect position to hinder the hinge motion (Fig. 1B) . The dimeric arrangement of SARA could further reinforce the SBD (Fig. 3D) , providing a mechanism for Smad3 dissociation upon phosphorylation-induced conformational change. Consistently, the phosphorylated Smad3 exhibits a lower affinity to the SARA SBD in vitro, as shown by a lower level of binding in the GST pull-down assay (Fig. 5B) . Furthermore, once bound to the SBD, the phosphorylated Smad3 becomes monomeric, as the complex elutes at the same position as the complex formed by the trimer interface mutant of Smad3 (V276D) on the size-exclusion column (Fig. 5B) . These results are consistent with the following: SARA binds only the Smad3 monomers, and that SARA-Smad3 interaction and Smad3 homotrmeric interaction are competing and mutually exclusive. Although Smad4 only has a small effect on Smad3/SARA interaction in the binding assay, it is possible that Smad4 or other chaperones may more significantly influence the kinetics of Smad3 dissociation in vivo. Fig. 3D . The specificity determinants in the kinase L45 loop and Smad3 L3 loop are shown by blue spheres (left to right, N267, D269, and N270) and red spheres (top to bottom, R384 and T387), respectively. The GS loop phosphorylation sites are shown using pink spheres. The structural consequence of GS domain phosphorylation is depicted by a cartoon and is labeled active GS domain. The carboxy-terminal tail of Smad3, modeled using the Smad1 crystal structure, is shown in pink. The ligand/ectodomain structure is based on the crystal structures of the bone morphogenetic protein (BMP) in complex with the BMP type I receptor and TGF-␤ in complex with type II receptor (Kirsch et al. 2000; Hart et al. 2002) . (B) The kinase/Smad3 interface contains residues that are mostly conserved or subtype specific in the type I receptor kinases and the R-Smads. Subtypespecific residues are boxed. Smad3 and kinase residues are labeled in black and green, respectively. (C) The cytoplasmic organization of the receptor complex is consistent with the ligand/ectodomain complex. Top views of cytoplasmic section (top) and extracellular section (bottom) are shown. The coloring is based on Fig. 4A . The type II kinase, which phosphorylates the GS loop, is shown in a cartoon. 
Ski interacts with Smad3 via the SARA-binding surface
Ski is a proto-oncogene that suppresses the transcriptional activity of Smad3 through direct interactions. To elucidate the structural basis of Ski-Smad3 interaction, we mapped the segment in Ski that contacts Smad3. By use of limited proteolysis of the complex, followed by mass spectrometry and systematic deletional analysis, the Smad3 interaction domain of Ski was mapped to residues 17-45. This 29-residue segment, Ski(17-45), is highly conserved in SnoN, a Ski homolog that also mediates transcriptional repression of Smad3. The GST fusion protein of Ski(17-45) mediates strong interaction with Smad3 (Fig. 5C) .
Binding studies showed that Ski(17-45) interacts with Smad3 at the SARA-binding surface (Fig. 5C) . In contrast to the unliganded Smad3, the Smad3/SARA complex has a dramatically decreased ability to interact with GSTSki(17-45), suggesting that the Ski-binding site is rendered inaccessible in the presence of SARA. Consistently, site-specific mutations of several SBD-binding residues on Smad3 abolish Ski interaction. These residues include Trp 405 and Tyr 225, which bind the ␤ structure of SBD, as well as Phe 303 and Tyr 296, which bind the helical structure of SBD. However, the binding determinants for SARA and Ski are not identical, as mutation of Tyr 323, Asn 338 and Val 223, which participate in SBD binding, has no effect on Ski interaction. Smad3 interaction with Ski(17-45) probably does not involve the surface that contacts the SARA coil region, as mutations in this area do not affect Ski interaction.
Hydrophobic residues in Ski are involved in direct contact with Smad3 (Fig. 5D ). Point mutation of Leu 17, Leu 21, Phe 24, or Phe 38 in Ski dramatically reduces interaction with Smad3. However, point mutation of Lys 19, Glu 22, Leu 26, Arg 41, Trp 42, or Glu 45 in Ski has no significant effect on the interaction.
Ski interacts specifically with the trimeric form of Smad3
The interaction between Ski and Smad3 is dramatically reduced when the conserved trimer interface residues of Smad3 are mutated (Fig. 5E ). These mutations stabilize Smad3 in the monomeric form ). In contrast, trimer interface mutations have no effect on SARA binding, consistent with the analytical ultracentrifugation studies that SARA stabilizes the monomeric form of Smad3. The phosphorylated Smad3 also binds Ski better than the unphosphorylated Smad3, but only becomes apparent after a longer period of washing than the standard condition, presumably due to different rates of dissociation. Thus, despite sharing a common surface of Smad3 for interaction, Ski and SARA interact specifically with the trimeric and monomeric form of Smad3, respectively. Because Smad3 trimerization is promoted upon TGF-␤ stimulation, these data explain the in vivo observation that Ski-Smad3 interaction is enhanced upon TGF-␤ stimulation (Akiyoshi et al. 1999; Luo et al. 1999; Sun et al. 1999; Xu et al. 2000) . The 29-residue Ski fragment therefore mimics the cellular response and constitutes a sensor for Smad3 trimerization.
Ski(17-45) also interacts with the Smad3/Smad4 heterotrimer (Fig. 5F ). The phosphorylated form of S3LC, S3LC(2P), and the transcriptionally active Smad4 fragment (S4AF, residues 273-552 of Smad4) were used in these experiments. On a size-exclusion column, S3LC(2P) and S4AF independently elute as a trimer and monomer, respectively, consistent with the previous findings (Fig. 5F, first and second panels) . alone elutes as a dimer, presumably through GST dimerization (Fig. 5F, third panel) . GST-Ski(17-45) interacts with S3LC(2P), as shown by their coelution with an apparent molecular weight larger than that of S3LC(2P) alone (Fig. 5F , cf. fourth panel and first panel). GSTSki(17-45) also interacts with the S3LC(2P)/S4AF heterotrimer, as shown by the coelution of all three species with an apparent molecular weight larger than that of the S3LC(2P)/S4AF trimeric complex (Fig. 5F , cf. seventh panel and sixth panel). Two observations suggest that Smad4 alone or within the heterotrimeric Smad complex does not interact with Ski(17-45). First, S4AF and Ski do not form a complex on the size-exclusion column (Fig.  5F , cf. second, third panels and fifth panel). Second, the S3LC(2P)/Ski complex elutes with an apparent molecular weight larger than that of the S3LC(2P)/S4AF/Ski complex (Fig. 5F , cf. fourth panel, peak fraction 14 and seventh panel, peak fraction 15), suggesting that S4AF within the heteromeric Smad complex does not bind Ski. The result is consistent with the previous reports that Smad4-Ski interaction involves a different region of Ski.
Trimeric model of the Smad3/Ski complex
The analysis described above shows that SARA and Ski bind to an overlapping surface on Smad3 but recognize specifically the monomeric and trimeric form of Smad3, respectively. Although the Smad3 interacting domains of SARA and Ski do not share sequence homology, they likely have structural counterparts over the helical and ␤-strand region (Fig. 6A) . Further truncation of Ski showed that residues 16-40 are sufficient for Smad3 interaction (data not shown). This minimal Smad3 interaction domain of Ski was modeled approximately to the binding site on Smad3 on the basis of putative secondary structure homology to SARA and the mutagenesis results (Fig. 6B ). In the model, residues 16-24 of Ski form an amphipathic helix, in which the hydrophobic side chains important for Smad3 interaction face the hydrophobic surface of Smad3. At the position corresponding to the three-proline turn in SARA contains the more flexible Gly-Gly-Pro sequence in Ski. Residues 37-40 of Ski form a putative ␤-strand, which interacts hydrophobically with the ␤0 strand and helix 5 of Smad3. The model is consistent with the mutagenesis data and provides insights as to why Ski interacts with the trimeric Smad3. The more flexible Gly-Gly-Pro sequence in Ski, which packs against the Smad3 hinge, may be adaptable to the tilting of the three-helix bundle structure in the trimeric form of Smad3. The flexible glycine turn and the unique flanking interactions mediated by the helical and ␤ structures may jointly recognize the more curved binding surface in the trimeric form of Smad3. The detailed mechanism awaits a high-resolution crystal structure of the Smad3/Ski complex.
Discussion
An efficient signaling switch
This work reveals an allosteric mechanism through which receptor-mediated Smad3 phosphorylation is coupled directly to transcriptional regulation. Phosphorylation-induced Smad3 trimerization serves as a single switch for two functions, promoting Smad3 dissociation from the receptor complex and facilitating Smad3 interaction with the nuclear repressor Ski. Although the two activities may seem contradicting, the transcriptional activity of Smad3 is likely balanced by the steady-state level of Ski versus the coactivators in the nucleus. One possible scenario is that the coactivators may compete with Ski for similar binding sites, also requiring the trimeric form of Smad3 for interaction. This view is supported by the observation that many Smad coactivators interact with the Smad proteins only after ligand stimulation. Another possibility is that the coactivators and Ski may bind simultaneously to distinct sites on Smad3, and the overall transcriptional activity is regulated by higher order protein-protein interactions mediated by Ski and the coactivators. Further studies are required to dissect the complexity of Smad transcriptional regulation.
The Smad active site
The SARA-binding surface on Smad3 may be a common active site in Smad proteins. In the S4AF structure, the corresponding surface interacts with the SAD, a 50-residue segment in the linker region of Smad4 indispensable for Smad4 transcriptional and signaling function ( 1C; de Caestecker et al. 1997 de Caestecker et al. , 2000b ). Besides a remarkable similarity in the disposition of the SAD and SARA SBD relative to their MH2 domains (Fig. 1, cf. B and C) , the same secondary structural elements on the MH2 domains are involved in interactions, the loop between ␤5 and ␤6, the loop between helix 2 and ␤8, ␤8, and helix 5. Although a segment of the SAD corresponding to the helix in SBD is disordered in the crystal structure, secondary structure prediction suggests that the disordered sequences have a helical propensity. Nevertheless, <5% of the MH2 domain residues involved in the interactions are conserved. Also, the SBD-binding surface is considerably more hydrophobic than the SAD-binding surface. The interaction between SBD and Smad3 is predictably much tighter than that between the SAD and Smad4. The SAD may undergo conformational changes upon Smad3/Smad4 complex formation to free the binding surface for other transcriptional regulators and reposition the MH1 domain for DNA binding. Because Ski binds to a subsite of the SBD-binding site on Smad3, the analysis also reveals a common transcriptional regulatory surface on Smad3 and Smad4. Recently, characterization of the Smad2 transcriptional regulator Mixer revealed a conserved Smad interaction motif (SIM) in the Fast-1 or the Mix family proteins, which binds Smad2 in the same hydrophobic pocket as does the coil region of the SARA SBD (Randall et al. 2002) . Ski and Mixer appear to occupy nonoverlapping subsites of the SARA SBD site, suggesting that they may coexist on Smad2/3 to regulate gene expression.
Structural basis of signaling
The present work suggests a TGF-␤-signaling mechanism that is critically dependent on Smad protein trimerization (Fig. 7) . The common observation of ligand-induced association between Smad proteins and transcriptional comodulators suggests that trimerization-dependent interaction between Smad3 and Ski may represent a more general paradigm of Smad nuclear interactions.
Comparison between the unliganded Smad3 and Smad3/SARA complex structures reveals no global structural change, suggesting that Smad3 is monomeric before recruitment to SARA. Structural modeling suggests that SARA promote Smad3-kinase recognition by the following mechanisms. First, SARA stabilizes the monomeric form of Smad3 through the proline-rich structure of the SBD. The receptor model precludes a trimeric Smad3 to the receptor due to steric hindrance. Second, SARA presents Smad3 for kinase recognition by tethering the three-helix bundle and the ␤-sandwich subdomains of Smad3 on the opposite face of the Smad3/ kinase interface. Finally, SARA precisely positions the phosphorylation site of Smad3 in the kinase calatytic center. Purified receptor kinase domain phosphorylates Smad3 at nonspecific sites (data not reported), suggesting that stereo-specific docking of the Smad3 carboxy-terminal tail is required. The model further suggests that the GS domain undergoes a conformational change upon phosphorylation to dock to the conserved basic surface of the Smad protein. Because the GS domain is linked to the membrane-spanning helix, the conformational change is likely manifest through movement of the kinase domain.
The receptor model suggests that competition of protein-protein interactions and protein conformational changes are responsible for phosphorylation-induced dissociation of Smad3 from the receptor complex. The conserved basic surface and the three-helix bundle subdomain of Smad3, which contact the kinase, are also involved in the subunit interface of the phosphorylated Smad3 trimer . The Smad3 L3 loop, which interacts with the kinase L45 loop and the SARA FYVE domain, also interacts with the phosphorylated carboxy-terminal tail of the neighboring subunit in the Smad3 trimer. The key conformational change in Smad3 upon phosphorylation is the trimerization-induced tilting of the three-helix bundle subdomain relative to the structural core. This global change likely disturbs interactions of Smad3 with both the SARA and the receptor kinase, which sandwich Smad3. In addition, the conformational change of the Smad3 L3 loop upon trimerization, as shown previously in Smad1, will perturb its interaction with the kinase . Although the receptor model will require verification by further analysis, the model fulfills multiple biochemical constraints and is consistent with the current biological data.
Once the phosphorylated Smad3 dissociates from the receptor, it forms a 2:1 heterotrimeric complex with Smad4 ). In the nucleus, Ski binds to the SARA-binding surface of Smad3 in the trimeric complex. The selectivity of Ski binding for the trimeric Smad3 over the basal, monomeric state of Smad3 appears to be due to Ski being able to recognize the global structural change of Smad3 upon trimerization. Biochemical and modeling analyses indicate that the trimerizationinduced tilting of the three-helix bundle subdomain, which weakens Smad3/receptor interaction, shapes a unique recognition surface for Ski to bind. It should be noted that a Smad2-Smad4 heterodimeric model has been proposed, which assumes the same subunit arrangement as the Smad3-Smad4 heterotrimeric model, but with one Smad3 subunit missing (Wu et al. 2001) . The discrepancy between Smad3 and Smad2 should be investigated in the future.
Conclusion and perspective
Phosphorylation-induced Smad protein trimerization functions as a master allosteric switch of the TGF-␤ pathway, converting Smad-receptor interactions to Smad-nuclear interactions. The conformational transition allows Smads to use common structural determinants to interact with multiple signaling molecules in a spatio and temporal manner. This study provides a molecular framework for further mechanistic investigation of the signaling pathway and possibly therapeutic strategies to regulate TGF-␤ signaling.
Materials and methods
Construction of expression plasmids and mutagenesis
The cDNA fragments were generated by PCR and subcloned into the pGEX vectors (Amersham). Site-directed mutants were generated using the Quik-Change kit (Strategene) and confirmed by sequencing.
Protein expression and purification
All proteins, except the phosphorylated S3LC, were expressed with a glutathione S-transferase tag, extracted by glutathione sepharose and released by thrombin. The proteins were loaded to a DEAE column equilibrated with 20 mM Tris (pH 7.4), 10 mM NaCl, 0.1 mM EDTA, and 1 mM DTT. Proteins were eluted by a sodium chloride gradient from 10 to 300 mM. The S3LC/SBD complex was made by incubating purified S3LC with GST-SBD on glutathione sepharose, followed by thrombin cleavage. The S3LC/SBD complex was further purified using a Superdex 200 HR column.
Protein structure determination by X-ray crystallography
Crystals of the unliganded Smad3 and the Smad3/SARA complex were obtained by the hanging drop vapor diffusion technique. For the unliganded Smad3, the well solution contains 700 mM ammonium dihydrogen phosphate, 20% ethylene glycol (pH 4.8). For the Smad3/SARA complex, the well solution contains 1.8 M sodium chloride and 100 mM sodium acetate (pH 5.0). Crystals were transferred to cryosolvents consisting of 25% (v/v) glycerol and 75% of the well solution, and were flash frozen in liquid nitrogen. The data for the unliganded Smad3 were obtained from beamline X-25 of NSLS at Brookhaven National Laboratory. The data for the Smad3/SARA complex were obtained from the ALS at Berkeley lab. Data were integrated and reduced using DENZO and Scalepack (Otwinowski and Minor 1997) .
The structure of the unliganded Smad3 and the Smad3/SARA complex were determined by molecular replacement using the CNS package (Brunger et al. 1998) . In both cases, the crystal structure of the Smad4 MH2 domain was used as a model for the rotation and translation searches (Qin et al. 1999) . The initial solutions were further refined by use of the rigid body, conjugated gradient, and simulated annealing refinement protocols implicated in the CNS package. Structures were rebuilt using CHAIN (Sack 1988) . For the unliganded Smad3 structure, the final model includes residues 228-322, 328-379, and 387-417. For the Smad3/SARA complex, the final model includes residues 219-415 from Smad3 and residues 671-708 from SARA.
Construction of the Smad3/SARA/receptor kinase model and the Smad3/Ski model
The dimeric SARA FYVE domain model was constructed by substituting the side chains of the EEA1 FYVE domain with those of the SARA FYVE domain on the basis of sequence alignment (Dumas et al. 2001) . The docking of the SARA FYVE domain and the kinase domain to the Smad3/SARA complex was performed using 3D-Dock (G. Moont, G.R. Smith, and M.J.E. Sternberg 2001). The program scans all translational and rotational space for potential complexes and ranks the solutions on the basis of the surface complementarity and electrostatic interaction scores. Biological constraints were applied to filter out solutions inconsistent with the biochemical information. The Smad3/Ski model was constructed using the crystal structure of phosphorylated Smad2 and the SARA SBD structure as the starting models. The Smad3 side chains were introduced into the Smad2 structure. The Ski side chains were built onto the backbone of the SARA SBD on the basis of predicted secondary structure homology. The Ski model was then adjusted to fit the mutagenesis data and secondary structure prediction.
Analytical ultracentrifugation
Experiments were conducted in a Beckman Optima XLA analytical ultracentrifuge equipped with absorbance optics and an An60Ti rotor as described previously . Buffer conditions were 20 mM Hepes, 100 mM NaCl, 0.1 mM EDTA, 0.1 mM DTT (pH 7.4), plus 2 mM TCEP at 24.7°C. Sedimentation velocity experiments were performed at 42 K rpm in charcoal-filled Epon double-sector centerpieces. Velocity data were analyzed using DCDT+, version 1.14 (Philo 2000) and SVEDBERG, version 6.39 (Philo 1997 ) and corrected to S 20,w values using measured density and viscosity values and partial specific volume values estimated with Sednterp, version 1.06 (0.7229 for S3LC, 0.7262 for SBD, and 0.7236 for the S3LC/SBD complex) (Laue et al. 1992) .
Sedimentation equilibrium experiments were performed at 24K rpm for 5, 10, and 15 µM S3LC/SBD complex, in charcoalfilled Epon 6 channel centerpieces. Data from the three channels were globally fit with Nonlin to a single species model and gave results consistent with the presence of a 1:1 complex (S3LC/SBD MW = 37,489 ± 709, expected MW = 40,575). The slightly lower MW than expected could be due to slight dissociation or <1:1 stoichiometry.
Size-exclusion chromatography
Size-exclusion chromatography was performed using the Superdex 200 HR column on the Akta Explore 10 FPLC (Amersham). The column was equilibrated at room temperature with 20 mM HEPES (pH 7.4), 0.1 mM EDTA, 100 mM NaCl, and 1 mM DTT. Protein samples were incubated in 1 mM TCEP, a reducing agent, for 60 min at room temperature. Sample injection, elution, and data analysis were performed using the UNICORN software (Amersham). The flow rate was 0.7 mL/min and the fraction volume was 0.5 mL. The column was calibrated with molecular weight standards blue dextran, ovalbumin (43 k), albumin (67 k), aldolase (158 k), catalase (232 k), and ferritin (440 k).
GST pull-down assay
The GST fusion form of one protein was immobilized onto the glutathione-sepharose beads followed by washing with a buffer containing 20 mM Tris (pH 7.4), 0.1 mM EDTA, 10 mM NaCl, and 1 mM DTT. The second protein, purified without the GST tag, was then added to the beads and incubated at 4°C for 1 h. The beads were then washed and analyzed by SDS-PAGE and the gels were stained with Coomassie blue. The standard condition uses 100 µL of the beads, 100 ug of the GST-fusion proteins and 200 µg of the binding partners. Unless otherwise stated, the beads were washed six times, each time by adding 1 mL of washing buffer, followed by rapid mixing, centrifugation, and removal of the buffer.
Generation of phosphorylated Smad3
S3LC without the carboxy-terminal CSSVS sequence (S3LC⌬C5) was cloned into the pTXB1 bacterial expression vector (New England Biolab) upstream of GyrA intein and the chitin-binding domain (CBD). The protein was expressed at room temperature for 24 h, and the cells were harvested in a harvesting buffer containing 20 mM Tris, 500 mM NaCl, 0.1 mM EDTA, and 1 mM DTT. After cell lysis, the lysate was loaded onto a chitin column equilibrated with the harvesting buffer. After extensive washing of the column, the column was incubated with 50 mM MESNA in the harvesting buffer at 4°C overnight to induce cleavage of S3LC⌬C5 from intein-CBD. The eluted S3LC⌬C5 protein was concentrated to 10 mg/mL and fourfold excess of the phosphorylated synthetic peptide CysSer-pSer-Val-Ser was added for chemical ligation to the carboxyl terminus of S3LC⌬C5.
